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ABSTRACT
Single unit recordings from the brainstem of four monkeys have pro-
vided information on the behavior of preoculomotor neurons during
coordinated eye-head movements. Of the generally recognized classes of
preoculomotor cells, some acted in a manner entirely consistent with
previous studies. For instance, tonic cells always fired in tight
correlation with eye position, independent of head movements. On the
other hand, some burst and pause cells showed behavior not demonstrated
in previous head-fixed experiments.
Within the category of medium lead burst cells having a fairly con-
stant burst rate, there were two quite distinct subgroups. When the head
was restrained, these two groups were indistinguishable, both having a
strong correlation between the number of spikes in a burst and the size of
the associated saccadic gaze shift. However, when the head was free to
move, this population of bursters could be subdivided into two classes.
This subdivision was related to the fact that saccades during coordinated
eye-head movements contribute only part of the total gaze shift; the rest
being supplied by the head. The first class included cells whose firing
activity was closely related to the size of the saccadic eye movements,
while in the second class of bursters, the firing was correlated with the
total gaze shifts, including the head-movement contribution. We have
tentatively characterized these latter cells as being upstream in
preoculomotor processing at a level where the total shift in gaze is
specified. Following this schema, the saccade related bursters are con-
ceived to be further downstream toward the oculomotor plant at a point
where the contribution of the head has been subtracted out of the total
gaze shift, presumably via the vestibulo-ocular reflex.
With respect to pause cells, recordings were made from a number of
subgroups. The subgroups which were not vestibularly modulated did not
display any head-related activity. In contrast, some pausing cells whose
tonic component was vestibularly modulated displayed head-related pauses
that were a function of the magnitude and direction of head velocity.
Although it has been proposed that pausing cells may be an important link
in saccade generation, our results indicate that this property cannot be
attributed to all pausing cells.
These results are summarized by models incorporating the findings
of this study with previous oculomotor research.
Dr. Emilio Bizzi, Eugene McDermott Professor of the Brain Sciences and
Human Behavior
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INTRODUCTION
Progress in understanding brain function seems to have been markedly
successful in those areas, as yet mostly sensory, where the understanding of
peripheral function has formed the basis for exploration into the central
nervous system. For instance, an understanding of optics and retinal
physiology has formed the basis for studies of the lateral geniculate
nucleus, the superior colliculus, and the visual cortex with considerable
success. On the output side, in the study of motor systems, one of the
most productive routes of investigation so far has been through the oculo-
motor system. This is, in part, because the mechanics of the oculomotor
system are well understood and because of the somewhat limited repertoire
of highly stereotyped extraocular movements; i.e., saccades, smooth
pursuit, and vergence. A small, fixed repertoire means that the neural
signals required to drive the extraocular system can be to some degree
deduced, which is crucial because it gives a working hypothesis about
what to expect from single cell recordings. Otherwise, a synthesis would
be required from what, for the present, must be a small sample of the
neurons in any given area of the brain.
Specifically, we know that the eye-motor system can be approximately
modelled as a second-order, linear system; i.e., the system can be thought
of as consisting of a combination of a mass, an elastic element, and a
viscous element, with the values for the mass, elasticity, and viscosity
being constants across time and range of action of the system (Robinson,
1971). A representation of this model can be seen in Figure 1.
Further, physical measurements of the extraocular system (Robinson,
1964) show that the contribution of the mass (le) is dwarfed by comparison
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with the viscous (B6) and elastic (Ke) components, causing the system to
be overdamped. This means that for a step change in input, the globe will
undergo a step change in position without overshooting or oscillating
about the target. The price paid for this stability, however, is slow
response. This slowness could be overcome by driving the globe with a
pulse-step input instead of a step, and the observed saccadic velocities
lead to the prediction of such an input signal. With a specific model of
the physical system, it makes sense to use the single unit technique to
investigate the neural substrate responsible for generating the controlling
eye movements. Oculomotor physiologists have had considerable success in
finding neurons which correspond to this scheme of eye movement control.
In the III and VI nuclei, for example, one finds so called burst-tonic
motoneurons whose firing corresponds to the pulse-step output mentioned
above. Furthermore, units exist in the paramedian pontine reticular
formation (PPRF) corresponding to each phase of the pulse-step; i.e.,
burst units related to the pulse and tonic units related to the steady
position of the eye.
From this point, oculomotor physiologists have moved centrally to the
areas responsible for generating the burst of activity which is responsible
for the pulse of the pulse-step phenomenon. Keller (1974), Luschei and
Fuchs (1972), and Henn and Cohen (1976) have looked in the PPRF for these
burst control units and have found a variety of oculomotor related cells.
At the present time there are four generally accepted categories of pre-
oculomotor control cells:
1. Burst tonic cells found in the III and VI nucleus (Robinson, 1970;
Schiller, 1970), the medial vestibular nucleus (Luschei and Fuchs,
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1972), the interstitial nucleus of Cajal and neighboring reticular
formation (King and Fuchs, 1977), and the PPRF (Luschei and Fuchs,
1972). In the VI nucleus, the burst of these cells correlates
with saccadic size while their tonic component corresponds to eye
position. All extraocular motoneurons identified to date have
been burst tonic cells, but the converse is not true; all burst
tonic cells are not motoneurons. Burst tonic cells that are not
motoneurons may be preoculomotor or efference copy cells.
2. Tonic cells found in the III and VI nuclei (Robinson, 1970), the
frontal eye fields (FEF) (Bizzi, 1968), the vestibular nuclei
(Miles, 1974), and the pontine reticular formation (PRF) (Luschei
and Fuchs, 1972). These cells' frequency of firing corresponds
directly with eye position in the orbit. In Robinson's scheme
(1970), some of these cells might carry the information resulting
from a neural integration which presumably receives inputs from
both premotor burst neurons and velocity encoding vestibular
neurons.
3. Burst cells found in the PRF (Luschei and Fuchs, 1972), the mes-
encephalic reticular formation (MRF) (King and Fuchs, 1977), the
flocculus (Noda, 1977), as well as the superior colliculus
(Schiller and Koerner, 1971), and the FEF (Bizzi, 1968). This is
by no means a homogeneous group, and bursters in the PRF have been
divided into four groups according to the latency between cell
activity onset and saccade onset (Luschei and Fuchs, 1972). The
groups are long lead, medium lead, short lead, and following burst
cells. Of these groups, the long lead burst cells are the subject
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of much interest because their long latency, up to several hundred
milliseconds, leads to the supposition that they may be part of
the early computation of saccade characteristics (BUttner et al.,
1977). Their somewhat variable patterns also suggest they may be
involved in related functions such as head movement as well. The
activity of medium lead bursters, on the other hand, with latencies
between 3-20 ms, fits nicely with the conjecture that it is their
duration of firing which specifies saccade duration and hence
size.
4. Pausing cells found near the midline of the PRF (Keller, 1974)
and in the flocculus (Noda, 1977). These cells, as their name
suggests, cease firing during saccades. Further, stimulation
near them abolishes all saccades, lending credence to the idea
that it is the pausers' cessation of activity which allows
saccades to occur. Keller (1974) also reports that pausing cells
can be divided into two classes based on their tonic activity.
One class has tonic activity related to eye position and hence
looks like a classic tonic eye position cell with silent gaps
during saccades, while a second category has tonic activity which
is modulated by vestibular input rather than eye position. The
activity of these cells resembles vestibular neurons with gaps of
silence during saccades.
It has been suggested (Robinson, 1974) that these four types of cells can
be arranged into a scheme of saccadic control, simplified as follows:
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burst tonicsaccadic command burst cell burst ton
motoneuron
pause cell Q-, eye musclepause cell
+ tonic cell
Putative Integrator
This network would function as follows: the size of a desired
saccade having been determined at a higher level, a pause cell is inhibited
for a time proportional to the desired size of the saccade. With the
pause cell inhibited, inhibition of the burst cell is removed and it bursts
with the same duration as the pause. At some so far unidentified place in
the brainstem, the burst is integrated to provide a position signal to
maintain the eye at the proper position at the end of the saccade. The
two singlas, the burst and the tonic components, are routed to the burst
tonic motoneurons causing them to produce the appropriate pulse-step
control signal to the extraocular musculature. It should be emphasized
that this is only one of several arrangements of these cell types that have
been proposed and that there is no direct evidence that this connection
exists. It is included here as a way to organize the cell types into a
coherent arrangement since it represents one of the least complicated
systems. That these cells, and perhaps others in the PRF, are involved in
preoculomotor control seems almost certain based not only on their
functionally tight relationship with eye movements (even eye movements
during sleep (Hobson, 1974)), but also on anatomical studies showing heavy
projections from the PPRF and nearby structures such as the prepositus
hypoglossi to the motor nuclei of the extraocular muscles (Buttner-Ennever
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and Henn, 1976; Graybiel, 1977).
One outstanding aspect of most models of eye movement is that they do
not include provisions for the modulating effects of head movement on
saccades. At the behavioral level, the interaction between eye movement
and head movement has been deduced from a series of studies in Bizzi's
laboratory (Bizzi et al., 1971). Briefly, what these investigators have
found is a movement strategy in which the eye and head movements are linked
through the vestibular system. In a typical coordinated eye-head movement,
the eye makes a saccade toward the target and while that saccade is still
underway, the head begins to rotate toward the target as well. If these
two movements are to be effective in getting the eye to the target, they
must act in a coordinated way so that the sum of their contributions pro-
duces a change in gaze which brings the eye to bear on the target. It was
discovered that this coordination was accomplished by the simple strategy
of using the vestibular signal generated by the moving head to diminish
the saccade just enough so that the total of the eye plus the head was
equal to the amount the eye would have had to travel if the head remains
fixed. This interaction may be clearer after looking at Figure 2 which
shows identical 300 gaze shifts; one with the head fixed (A) and the other
with it free (B).
Notice that in (A) the size of the gaze shift (AG) is just equal to
the size of the saccade, while in (B) the saccade is smaller than AG.
Because the head and eye are both moving at the same time, the total size
of the gaze shift must be divided up between the eye and the head so that
the sum of the two provides a shift in gaze that is the proper size. It
follows that the saccade must be shortened by exactly the amount that the
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head moves during the saccade. Morasso et al. (1973) have shown that this
shortening of the saccade is accomplished by feedback from the vestibular
system via the vestibulo-ocular reflex (VOR). The VOR works to superimpose
on the saccade an eye movement just equal and opposite to the movement of
the head. This causes the required shortening of the saccade, and produces
the so-called compensatory eye movement after the saccade.
The foregoing example shows that when the head is restrained, AG and
saccade size are always equal. Under such conditions, to say that a cell's
firing correlates with saccade size is not necessarily correct; for example,
the firing may correspond instead to the size of the total gaze shift.
Given the known interaction between head and eye movement and a wealth of
oculomotor unit data, it is now reasonable to ask the following question:
Where might one locate the neural substrate for this interaction? One
answer is to look in the PRF near the VI nucleus. Obviously this region is
critically involved in the generation of eye movements as elaborated above.
It is also known as an area with projections to the neck musculature
(Peterson, 1977), and is rich in vestibular information (Peterson et al.,
1975). For each of the four categories of eye movement cells in the PRF,
it would be desirable to know what role each plays in the general problem
of directing the gaze when the head is free to move and if that role is
different from the one deduced from previous head restrained studies.
Further, one would like to know what part the various aspects of head move-
ment, such as neck proprioception, vestibulo-ocular reflex, or command
signals, play in modifying the behavior of the various eye movement related
cells. The following section describes the experimental procedures used
to investigate these points.
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METHODS
Execution of these experiments requires that the experimental animals
be motivated to make coordinated eye-head movements to targets of the
experimenter's choice and that the positions of the eye and head during
these movements be known accurately. To this end, each of the four adult
female monkeys (Macaca mulatta) used in these experiments were extensively
trained to discriminate visually between horizontal and vertical hairlines
superimposed on a one-degree luminous spot. The monkeys received a reward
of water for bar-pressing only during the presentation of the vertical
hairline, while inappropriate bar-pressing delayed the next target
sequence. The target sequence consisted of a luminous spot of randomized
(.4-1.5 sec) duration followed by the superimposition of a horizontal or
vertical hairline. Since the hairlines required foveation to discriminate
them, presentation of the target light sequence at reference positions
provided a method for attracting the monkey's gaze to any desired location
during recording sessions. It should be noted that while the monkeys were
highly trained and motivated to make a visual discrimination, no attempt was
made to constrain or shape the eye-head movements. When the hairline targets
were presented at various positions in the monkey's periphery, they made
coordinated eye-head movements to direct their gaze to the targets. These
movements were indistinguishable from natural movements to objects of interest
to the monkeys. An animal's head could also be restrained, forcing it to make
shifts utilizing saccades only. Not only was this useful in characterizing
single unit behavior, but it also allowed accurate calibration of eye position,
since the monkeys had to be foveating to perform the discrimination.
After the monkeys became proficient at the visual discrimination task,
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they were anesthetized with Nembutal, and silver-silver chloride electrodes
were implanted in their orbital bone adjacent to the outer canthus of each
eye for recording extraocular potentials of horizontal eye movements.
Similar electrodes were also placed above and below the orbit for recording
vertical eye movements. Stainless steel screws were also implanted in
the skulls for attachment to a head movement recording apparatus. EMG
electrodes were placed in the splenii capitis muscles of the neck, and a
stainless steel recording well was attached to the skull, stradling the
midline above the cerebellum. The well was inclined posteriorly at about
170 and stereotaxically positioned so that electrodes introduced through
it had access to the brainstem in the area of the VI nucleus.
During the experimental sessions, the monkeys sat in a primate chair
with their torsos restrained and their heads attached by way of the skull
screws to a head holder which limited head movement to rotation about the
vertical axis. Head movements were monitored from a potentiometer
mechanically coupled to the head holder, while eye movements were obtained
from the implanted silver-silver chloride electrodes.
This arrangement is reasonably standard for single unit preoculomotor
investigations except that it allows recordings while the head is free to
move. Head movements involve several variables including neck muscle
activity and neck proprioception, as well as attendant vestibular feedback.
In order to stimulate each of these modalities independently, the primate
chair was made capable of several types of movement. For instance, the
monkey could be rotated about the vertical axis allowing direct stimula-
tion of the horizontal canals. In this case, the monkey's head was fixed
with respect to the chair. Another modification to the chair allowed the
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monkey's body to be rotated through approximately 90' about the vertical
axis while the head was held fixed, with respect to the ground, thus allow-
ing stimulation of neck proprioception alone. Although some investigators
(Fuchs and Kimm, 1975) have been able to record from cells while stimulating
one or another of these inputs, this arrangement represents the first time
that each of the variables associated with coordinated eye-head movements
could be systematically studied for its relation to neural behavior. The
experimental design is also unique in that it allowed recording during
active eye-head movements. The stimulus for these movements was a 60 cm
radius horizontal arc placed level with the monkey's eyes so that the
center of curvature coincided with the monkey's vertical axis. The arc
carried target lights at 100 intervals for the discrimination task
described above.
Single brainstem neurons were recorded using long (20 cm), 100 p
diameter, teflon and varnish insulated microelectrodes. The electrodes,
which had 1 pm electrolytically etched tips, were advanced by an hydraulic
microdrive mounted on the well. The microdrive was mounted on a double
eccentric mechanism which allowed penetration to be made over most of the
area of the well at known locations (Evarts, 1968). The key to being able
to record from monkeys free to move their heads lies in the design of the
electrode, worked out in large part by Bizzi, Polit and Allum (personal
communication). When the head moves, the brain is displaced slightly
within the skull, and if the recording electrode is too stiff, the neuron
being recorded will slide away from the electrode when the head is moved.
On the other hand, the electrode must be robust enough to be advanced with-
out bending and buckling. For brainstem recordings, 100 - tungsten seems
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to be the best compromise. During the long traverse through the cerebellum,
an electrode was protected by a 22 g hypodermic needle guide tube. The
tube and electrode were inserted as a unit and advanced through the
cerebellum to a point just above the brainstem. The guide tube was then
secured and the electrode advanced downward out of the tube by the
microdrive.
The search procedure used was to make an electrode penetration with
the monkey in the apparatus and to examine each cell encountered to see if
it was eye movement related. When such a cell was encountered and isolated,
a series of conditions were imposed while recording the cell's responses.
These test conditions were the following:
1. The monkey with its head restrained was presented with the
previously learned visual discrimination at various points along
the perimeter arc. To fixate the target, the monkey had to make
saccades of size and direction controlled by the experimenter's
choice of target position.
2. The monkey's head was freed and a selection of targets presented
so that fixations were made via coordinated eye and head
movements.
3. The head was again fixed, the room lights turned off, and the
monkey rotated to stimulate the vestibular system.
4. The head remained restrained while the monkey's body was rotated,
thus stimulating muscle and joint receptors of the neck, but not
the vestibular system.
5. The monkey's head was passively rotated by the experimenter,
stimulating both the neck and vestibular system.
Whittington, 18
Of course, not all cells could be held for the entire protocol, but
as much of the series was completed as possible.
During the series of test conditions, the following variables were
monitored and stored on a paper tape oscillograph and an FM tape recorder:
1. horizontal eye position
2. vertical eye position
3. right splenii capitus EMG
4. left splenii capitus EMG
5. head position
6. target position and timing
7. chair position
8. single unit discharge
After the recording sessions, the data were digitized, displayed
and analyzed on a PDP 11/10 computer using programs written for this
purpose. These programs allowed 1.28 sec sections of the data to be
displayed on a storage oscilloscope. Program controlled cursors allowed
measurement of any of the displayed parameters while various arithmetic
function commands permitted display of the relation between parameters as,
for instance, the ratio of two EMG signals or a comparison of the shape
of the spike envelope to the velocity profile of the head movement. The
programs provided for computation of at least the following additional
parameters from the data:
1. head velocity
2. eye velocity
3. instantaneous spike frequency
4. spike histograms
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5. gaze position
6. raster displays
7. averages of several trials
Notice that the use of trained monkeys allowed averaging of a number
of virtually identical movements to known targets and the production of
raster displays.
At the close of the experiments, each monkey, under deep pentabarbital
anaesthesia, was perfused intracardially with saline and 10% formalin.
The brainstem was removed, sectioned and stained to verify the location of
the electrode tracks and the location of small electrolytic lesions placed
at the tip of specific tracks during the experiments.
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RESULTS
The recordings comprising these experiments were made in the pontine
reticular formation (PRF) within a 4 mm radius of the midpoint of a line
connecting the VI nuclei. In these penetrations, a variety of cells were
encountered; cells related to movements of the arm, head, torso, mouth,
tongue, and eyes, as well as many cells the activity of which was not
correlated with any variable being monitored or controlled. Of the more
than 500 cells encountered, 75 were head related, while 141 were eye move-
ment related cells which were well isolated and held for sufficient time to
allow careful analysis. Each of the eye movement related cells fits into
one of the four broad classes of eye related cells; i.e., burst, burst tonic,
tonic, and pause. The Results section will be organized to consider each of
these eye-related classes separately, and to consider the histological
findings.
Tonic Cells
By far the ratest of eye related cells in this study, this group
contains only eleven cells. Despite this, their behavior is quite uniform
and of the four classes, this is the most homogeneous. Tonic cells fire
in relation to eye position in the orbit, and this seems to be a complete
description of their activity. They are oblivious to the exertions of the
neck musculature and subject to vestibular influences only insofar as those
signals provide the command signal for an eye movement. The pattern of
behavior for these cells when the head is restrained and fixations are made
by saccades alone is one in which the spike frequency increases and
decreases in steps corresponding to the stepwise changes in fixation
resulting from saccadic movements. Figures 3 and 4 show another aspect of
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these cells' behavior not seen before. Here the head is free to move and
the eye movement is no longer a source of steps but rather a more complex
pattern typical of coordinated action of the eye and head. The two figures
are for movements to the right and to the left, respectively, and show
averages of several movements and raster displays of cell firing. The
variables displayed are head position, eye position, cell firing, and a
curve of instantaneous frequency. Not surprisingly, the average of the
various movements has the same configuration as the individual movements.
The eye movement consists of a saccadic portion smoothly blending into a
compensatory phase which serves to keep the gaze on target during the head
movement. Note that the curve of instantaneous frequency (dotted line) is
a virtually perfect fit, and that this is true for movements in both
directions. This one-to-one correspondence is also demonstrated by plotting
the relation between spike frequency and eye position, as is done in
Figure 5. Again there is very tight correlation.
Although the correlation between eye position and cell activity is
quite good, another test was undertaken to make certain that neck activity,
either afferent or efferent, was not relevant to these cells' behavior.
To test this, eye movements were recorded during neck stimulation when the
monkey's body was being rotated back and forth while the head was restrained.
During this procedure there are, of course, afferent signals from the neck
and strenuous muscle contractions as the monkey resists the rotation. A
comparison of the regression lines in Figure 5 shows that the neck activity
produces no significant difference in cell firing (P < .01), leading to
the conclusion that these cells act independently of neck afference or
efference.
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Burst Cells
One of the first things one notices about burst cells is that there
is a much greater diversity to them than their categorization by latency
to eye movement would suggest. Most (45/52) of the bursting cells recorded
in these experiments had latencies in the range of 5 to 20 ms, putting them
in the category of short lead bursters. However, within this grouping
there are at least three subclasses of bursters: (1) a class where firing
rate is reasonably constant during the burst; (2) a class which fires
intensely at onset and tapers off; and (3) a class which fires fairly con-
stantly at onset and then has a few sporadic spikes in the last half of the
saccade. Of these classes, those with a constant rate have been studied
most carefully here because their activity seems to have a clear explanation
related to behavior. Constant rate cells fall into two distinct groups.
One group shows a strong correlation between the size of an associated
saccade and the number of spikes in the burst, as expected from head fixed
experiments by Luschei and Fuchs (1972). A second group, which was not
expected, was one in which the number of spikes correlates with the size of
the shift of gaze, whether that shift was accomplished entirely by eye
movement, or made by a coordinated eye and head movement.
These two groups of cells, hereafter called "saccade" cells for
the class corresponding to the saccade size and "delta-gaze" cells for
the class corresponding to the size of the shift in gaze, are indis-
tinguishable when the head does not move during a shift in gaze. This is
because the size of the shift in gaze and the size of the saccade are
identical under these conditions, but as Figure 6 shows, there is a
striking difference when the head moves. This figure shows two shifts in
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gaze of about the same size occurring sequentially. The first is just a
saccade with little or no head movement while the second consists of a
coordinated eye and head movement. In both movements, the gaze shift is
nearly identical while the saccades vary by three to one. The bursts
associated with the two movements are virtually the same, the first
containing 19 and the second, 18 evenly-spaced spikes. It would appear
that the firing of this cell is correlated with the size of the shift in
gaze, not with the size of the saccade. Figure 7A is a more formal and com-
plete way of showing this relationship. In this figure, the solid triangles
show the relation between the number of spikes in a burst and the size of
the corresponding saccade when the head is restrained. Superimposed is a
plot relating the number of spikes in a burst to the size of both the
corresponding saccade and gaze shift when the head is free to move. In
this case, the points representing saccade size (filled circles) are
connected to their respective gaze-shift size (open circles) by a solid
line. Notice that the saccade size is always smaller than the gaze shift
and that the length of the line connecting them is equal to the attendant
head movement. This figure clearly supports the claim that this is a
"delta-gaze" cell related to the size of the shift in gaze, not the size of
the saccade. If there is any doubt of this, consider Figure 7B which
shows a "saccade" burster. Here it is the saccade size, not gaze shift,
which correlates with cell firing.
While the results of these plots are convincing on their face, one
might desire a statistical proof. This is not so simple as it might first
appear. A conservative procedure is to draw regression lines through each
of the three quantities (saccades, head fixed; saccades, head free; gaze
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shifts, head free) and ask the question: Is the saccade head free or the
gaze head free more like the saccade head fixed? There are several different
statistical approaches to this question, but one straightforward one is to
pick a confidence level, say .01, and the null hypotheses that the head free
saccades and head free gaze shifts are each equivalent to the head fixed
saccades along some dimension such as sample means or sample variance. For
both of these measures, for the "delta-gaze" cells the head fixed saccades are
significantly different from the head free saccades, but not from the head
free gaze shifts at P < .01. For the "saccade" cells, the converse is true.
The head fixed saccades are significantly different from the head free gaze
shifts but not from the head free saccades (P < .01).
It would be desirable to be able to differentiate between the "delta-
gaze" and "saccade" cells based on some other measure. This was tried for
latency to eye movement on the assumption that the "delta-gaze" cells were
earlier in the processing chain than the saccade cells, but the latencies
were not significantly different. The role of other inputs particularly neck
afference and efference was also considered, and, as in the case of the
tonic cells, no effect of either could be detected in the cells' behavior.
Pausing Cells
These cells can be divided into four subgroups based on the influences
which act on their tonic firing rate. These subgroups are: (1) eye
position pausers, which look like tonic eye position cells with gaps
during saccades, (2) vestibularly modulated pausers whose tonic firing
varies with head velocity, (3) eye position plus vestibular pausers which
are modulated by both inputs, and (4) non-modulated pausers.
The behavior of these cells has been well characterized for the head
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restrained paradigm and, for the most part, their behavior with the head
free was very much as predicted. A dramatic exception was that, when
the head was free, some of the vestibularly modulated pausing cells had
pause durations longer than the associated saccade. At first it was
tempting to think that these cells might be the counterparts of the "delta-
gaze" cells in that their pause was specifying the duration of the gaze
shift rather than just the eye movement. A moment's thought precludes
this idea though, since the duration of the gaze shift is exactly the same
as the underlying saccade. Closer examination shows that the long pauses
occur during periods of high head velocity in one direction. By utilizing
the vestibular stimulation described in the Methods, it was possible to
show that the tonic firing of such a cell went to zero at just the velocity
that accompanied non-saccadic pauses in the head free experiment. Figures 8
and 9 show one of these cells under both conditions of vestibular stimulation
and head free movements. It is quite evident from the vestibular record
that the pause is related to high, rightward head velocity and that the
saccade during this period is irrelevant. For head velocities in the
opposite direction, however, the pause is tightly coupled with the saccade.
All of the subgroups of pausing cells were also analysed to see if
their firing was in any way related to neck muscle activity or head
position. In only one subgroup did this seem likely, since the behavior of
the eye position, vestibular and eye position plus vestibular pausers was
well accounted for by the inputs from which they take their names. This
subgroup, which I have called unmodulated pausers, has some variability in
its tonic firing rate of unknown origin. The variability might have been
related to neck activation; however, when the instantaneous frequency of
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these cells was compared with rectified, filtered EMG from the neck muscles
or compared with head position, no correlation was evident. This was the
same result for all other subgroups of pausers as well, and leaves the
source of variability in the unmodulated cells still unknown.
Histology
Reconstructions of the penetrations made in these experiments have been
combined into the charts of Figures 10-14 to show the areas in which each cell
type was found. Although it was hoped that the various groups and sub-
groups would be found in different locations, this has not proven to be
true. Particularly in the case of "delta-gaze" and "saccade" cells it
would be quite informative if they had been physically discrete, but
these two groups are scattered together.as shown in Figure 11. There
is one area shown in Figure 11 where four "delta-gaze" cells were found
and where a small electrolytic lesion was placed allowing accurate
reconstruction. If one had to pick a region based on these experiments
in which to search for "delta-gaze" bursters, this would be the region. In
general, the cell types were distributed fairly uniformly through the
areas indicated. Finally, the histology showed very few penetrations
within 1/2 millimeter of the midline. This was not unexpected because the
penetrations were made in the saggittal plane and an attempt was made to
avoid the midline and the mid-saggittal sinus. The lack of midline
penetrations may have some bearing on the number and types of cells found
and will be considered in the Discussion.
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DISCUSSION
The experiments reported here have provided an insight into pre-
oculomotor organization in the broader context of coordination of eye and
head movement. We have seen the general result that these cells are part
of a movement system synchronized with the head system, not at the command
level, but rather by responding to the independently specified head move-
ment at its output, via the vestibular system.
Some types of preoculomotor cells behaved in ways which might have
been predicted from previous head fixed experiments and from existing
behavioral data. For example, tonic cells have been shown to faithfully
track eye position when the head was restrained and to correspond to eye
position during vestibularly induced eye movements (Robinson, 1971). It
has also been shown behaviorally (Lanman et al., 1978) that the vestibulo-
ocular reflex is continuously active, effectively adding to other inputs
driving the eyes. In light of these two findings, and in keeping with the
assumption that tonic cells are just upstream of the motoneurons, one might
have expected the tonic cells to behave as they do during coordinated eye-
head movements. During such movements there are two inputs; the saccadic
shift of eye position, and the vestibular signal resulting from head
movement. The position of the eyes represents the continuous summation of
these two inputs, and the firing of the tonic cells reflects this
summation as well.
Similarly, most subgroups of pausers behaved within previously defined
limits, i.e., they paused during saccades and some had tonic activities
related to eye position or vestibular input or both. There may be a
tendency to feel that because these cells showed no dramatic new patterns
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of activity in active coordinated movements that this was a foregone
conclusion, based on previous head fixed experiments. Consideration of
the results of two other groups of cells reported here shows how
erroneous such predictions would have been.
One surprising group was the medium lead burst cells which were shown
to be divisible into saccade-related and gaze-related subgroups, a finding
absolutely not predictable from head fixed experiments. The second surprise
was that some vestibularly modulated pausing cells had their firing
suppressed during some active head movements and thus had their pauses
decoupled from saccades. Further, these experiments have shown that this
suppression is due to vestibular input rather than neck command signals or
neck afference. The results of this study also show the burst-tonic cells
to be highly nonhomogeneous and point up the need to incorporate the various
subgroups of burst tonic cells into oculomotor models.
At this point it may be worthwhile to try to organize these results
into a model of preoculomotor function, which is a part of a more general
model of coordinated eye-head movements, and to compare this model with some
existing ones. Further, it may be interesting to consider the relevance
of these findings to the general problem of coordination of movement, and
to propose possible future investigations.
One way to start the discussion is to consider the attributes of the
various cell types individually, beginning with the tonic cells. These
cells operate completely within a head centered reference system. Whatever
gyration the head may undergo, the tonic cell keeps pace with the position
of the eye in the orbit. This argues for a position near the end of the
control chain, close to the motoneurons of the eye muscles, and for eye
Whittington, 29
position command and vestibular inputs.
Next,consider those burst neurons which correspond to saccade size.
They too are acting in a head centered frame, relating to the distance the
eyes must move in the orbit. Again this argues for a position near the
motor output end of processing. Previous models (Robinson, 1974) have
placed burst cells and tonic cells just before the motoneurons and held
that it is the summation of the two activities which gives rise to burst
tonic motoneurons firing. If we pursue this plan, we would then want to
place the "delta-gaze" bursters upstream of the "saccade" bursters. Remember
that any shift in gaze, whether made with an accompanying head movement or
not, is roughly equal in size to the retinal error of the target. This
corresponds to the activity of the "delta-gaze" bursters and so between them
and the "saccade" bursters presumably there occurs a subtraction of what-
ever head movement is underway.
Still further upstream is a likely spot for pausing cells, at least
some pausing cells. Certainly vestibularly modulated pausers are an unlikely
choice since some of them are not always faithfully locked to saccade
duration. The most compelling argument for placing any pausers at this
point in the processing scheme comes from Keller's midline stimulation
studies (1974) which implicate midline unmodulated omnipausers in the
generation of saccades. It is tempting to put these cells in the command
chain and leave all other pausers in the domain of their tonic activity.
For instance, assume the importance of tonic eye position pauses to
be in relation to eye position, and assume the pausing behavior to be
secondary. Perhaps these cells must be silent during saccades. Similarly,
for the vestibular and vestibular plus eye position pausers imagine the
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pause as a call for silence during saccade production, rather than a causal
release of inhibition of bursting cells.
This scheme can be reduced to the diagram in Figure 14. Notice that
this model posits an independent head control system which impinges on the
preoculomotor control system only by vestibular feedback. How does this
model compare with previous oculomotor-only models such as Robinson (1971,
1974) and Buttner et al. (1977)? A feature common to all these models is
the assumption that the contribution of the vestibular system occurs at
the motoneurons. If this is true, the saccade-size related bursters, which
already have the contribution of head movement subtracted out are inappro-
priate for projection onto the motoneurons. The "delta-gaze" bursters,
however, are correctly coded to project onto the motoneurons, since they
still need to have the head contribution subtracted out. Another point
to consider deals with integrating the burst to produce eye position
information. If the gaze related burst is integrated, the resulting eye
position is incorrect since what has been integrated is the total shift
in gaze, not saccade size. The thing which must be integrated is the
saccade related burster, because only it codes saccade size. These two
conditions represent a logical flaw in previous models since they specify
that the same burst which impinges on the motoneurons is integrated to
produce eye position. The model proposed here avoids this problem by
integrating the saccade burst cells and driving the motoneurons with the
"delta-gaze" cells.
There is another solution to the problem which is shown in Figure 15.
Here the "delta-gaze" bursters feed the "saccade" bursters and the problem
of double subtraction of the vestibular input is dealt with by assuming
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that the vestibular input to the motoneurons is silent during saccades.
Thus there is only one subtraction at the motoneurons. A vestibular signal
which is silent during saccades is no mere model-makers daydream; this is
precisely the signal carried by the vestibularly modulated pausers. Such
a niche for the vestibular pausers is consistent with the concept mentioned
earlier; i.e., thinking of these cells as vestibular cells suppressed during
saccades as opposed to cells whose pause specifies saccades.
Both of these models are logically consistent and account for the
observations of this study, but there are additional findings to be
considered. Recently, there has been interest in the idea that saccades
may be spatially rather than retinocentrically organized; i.e., that the
driving signal is not retinal error, but rather desired final position of
the eye in the orbit. This stems in part from the work of Hallet and
Lightstone (1976) and has recently been supported by Mays and Sparks (1980)
whose midflight deflections of saccades by collicular stimulation failed
to deter them from the desired final position. Based on the Hallet and
Lightstone findings and their own clinical observations, Zee and Robinson
(Zee et al., 1976; Zee and Robinson, 1979) have developed a saccadic
generation model using desired final position as the driving signal for
saccades. Without belaboring the point, it seems clear that for models
of this kind, head position must be continuously subtracted out of the
desired eye position signal in order to modulate saccades which occur
while the head is moving. This requires a head velocity integrator which
is separate from the oculomotor integrator. Notice also that this model
does not account for "delta-gaze" burst neurons, since the only burst
which occurs is related to the saccade size. Given the state of the art
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in oculomotor model building it would be presumptive to argue forcefully
for any of the models presented so far since none of the proposed connec-
tions have been demonstrated. Each model has some merit. The model in
Figure 15 accounts for "delta-gaze" bursters, saccade bursters, and
vestibular pausers and requires only one integrator. The model in Figure 14
is much the same although it does not have a role for the vestibular
pausers. Finally, the Zee and Robinson model, while not specifying a
function for either "delta-gaze" bursters or vestibular pausers, and
postulating two heretofore unobserved cell types (desired final position,
eye position error), is more in keeping with the Hallet and Lightstone
experiments and the Mays and Sparks results. Again, at this point, perhaps
it is best to keep all of the models in mind while deciding how to chose
between them.
For example, how would desired eye-position cells behave? They would
presumably act like tonic cells with an earlier onset. The error signal
cells, on the other hand, would have a high firing rate at or before
saccade onset and taper off during the saccade. Bursters which taper off
have been observed in these experiments and by others (Eckmiller et al.,
1980). It might be profitable to take a closer look at the relation between
tapering-off burst cells and eye position error as well as the onset timing
of tonic cells. The need also exists to establish connectivity either by
simultaneous stimulation-recording experiments or by anatomical tracer
studies. Anteriograde and retrograde transport from the physiologically
defined locus of the midline pausers would be an excellent place to start.
In any case, until connectivities are established, it will be difficult, if
not impossible, to evaluate the various models of oculomotor function.
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Establishing connectivity is certainly much easier if the cells of
interest are bunched together. While these experiments did not find a
distinct grouping of either "saccade" or "gaze" burst cells, the possibility
that such a cluster may exist should not be dismissed. The goal of these
first experiments was broad exploration, and a large area of the brainstem
was covered. Now that the general outlines of the activity of these cells
is known, it might be profitable to look more intensively in the areas
immediately adjacent to the VI nucleus, particularly ventral and caudal.
Of course, it is always possible that the cells do not exist in clusters
and are scattered throughout the reticular formation. If this is the case,
then the only immediately obvious way of demonstrating connectivity would
be functionally; perhaps by electrical stimulation once a gaze or saccade
burster has been isolated.
The Discussion thus far has dealt with the specifics of eye movement
and the effect head movement has thereon. There is another more general
consideration arising from these experiments as well, which concerns the
overall strategy of coordination of two movement systems. Roughly speaking,
there are two ways of coordinating two systems. They can be coordinated in
advance by calculating the role each is to play in the movement, a type of
open-loop coordination. Alternatively, one system can be passively
modulated by the other; in a sense, a closed-loop or feedback coordination.
Of course, the loop can be closed using efference copy as well as feedback,
but the effect is roughly the same except for external loads.
The results of this series of experiments taken in conjunction with
the behavioral experiments of Bizzi et al. (1971), Dichgans et al. (1973)
and Morasso et al. (1973) argue strongly that the coordination of eye and
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head movement is accomplished by closed loop coordination, and the Dichgans
et al. (1973) paper clearly implicates the vestibular system as the
mechanism which allows head movement to modulate eye movement. A priori,
closed loop coordination would seem to be the best solution since it requires
no precomputation and allows for correction of external loads. This being
true, one wonders if this represents a general technique of motor coordina-
tion. Of course, arguing from results obtained in the highly specialized
oculomotor system to other, skeletal systems is speculative. The oculomotor
system is highly stereotyped, heavily damped, and rarely, if ever, subjected
to external loads. Nonetheless, recordings of head-movement related cells
done in conjunction with this study and to be reported elsewhere show
similarities in action between preoculomotor cells and neck muscle premotor
cells. Neck premotor cells can be either burst or tonic, relating either
to the desired head velocity or final position, respectively. This seems
to correspond to more peripheral observations which show bursts of activity
in neck and arm EMGs at the start of movements presumably related to
velocity (Bizzi et al., 1976; Polit and Bizzi, 1979) and steady state EMGs
related to maintaining final position (Polit and Bizzi, 1979). This
behavior certainly seems analogous to the burst, burst tonic, and tonic
cell activities subserving eye movement.
By broad analogywith the modulation of eye movement by head movement,
it is possible to imagine coordinated skeletal movements in which one
muscle, or muscle group, is the principal actor while other muscles, or
muscle groups, are modulated either by efference copy or proprioceptive
feedback. This presents still another possible function for proprioceptive
feedback to add to the list stretching from Allum (1975) (test signals) to
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Marsden et al. (1976) (servo control) to Houk (1970) (linearization).
While tests of this general hypothesis may lie a considerable distance
in the future, the formulation for neural control of eye and head
coordination is now well underway. The results reported here, in conjunction
with research into the neural control of head movement taking place in this
laboratory and presumably in others may shortly yield a clear picture of
this particular type of motor coordination.
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FIGURE LEGENDS
Fig. 1. Approximate model of the oculomotor plant in the horizontal plane.
Mass can be ignored because B6 term predominates and system is
heavily overdamped. (From Robinson, 1964.)
Fig. 2. Comparison of eye, head and gaze profiles when the head is fixed
(A) and free (B). Notice the decreased size of the saccade in
(B).
Fig. 3. Tonic cell firing for coordinated eye-head movements to the left.
Upper solid line is averaged head position. Dotted line is eye
position. Remaining solid line is the inverted trace of the
average of the reciprocal of interspike interval. Raster display
of cell firing is at bottom.
Fig. 4. Tonic cell firing for coordinated eye-head movement to the right.
All variables as per Fig. 3.
Fig. 5. Scatter diagram for tonic cell firing rate versus eye position
for simple head fixed and for head fixed while body is being
rotated to stimulate neck joints and musculature. Decimal
fractions are correlation coefficients for the respective
regressions lines.
Fig. 6. Firing pattern for a "delta-gaze" burst cell. Dashed line is
head position, dotted line is eye position and solid line is gaze
position. Although cell frequency is too high to resolve indivi-
dual spikes, histograms enable counting number of spikes.
Smallest vertical change in histograms is one spike, smallest
horizontal change is 10 ms.
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Fig. 7 (a). Scatter plot of "saccade" burster. Notice coincidence of
head fixed saccades and head free saccades.
Fig. 7 (b). Scatter plot of "delta-gaze" burster. Notice coincidence of
head fixed saccades and head free gaze shifts.
Fig. 8. Firing pattern of pausing cell during active eye-head movement.
Dashed line is head position. Solid line is eye position. Lower
trace is head velocity with zero-velocity and cell cutoff velocity
references. Two identical spike trains appear at the bottom of
the figure.
Fig. 9. Firing pattern for pausing cell during vestibular stimulation.
Traces are as per Fig. 8.
Fig. 10. Transverse sections from Al through P5 showing locations of tonic
cells.
Fig. 11. Transverse sections from Al through P5 showing locations of burst-
ing cells. Crosses are "gaze", triangles are "saccade" bursters.
Fig. 12. Transverse sections from Al through P5 showing locations of
pausing cells.
Fig. 13. Transverse sections from Al through P5 showing locations of burst
tonic cells.
Fig. 14. Model of pre-oculomotor function in coordinated eye-head movement
without vestibular pausers and with saccade bursters feeding
integration.
Fig. 15. Model of pre-oculomotor funtion in coordinated eye-head movement
including vestibular pausers and "delta-gaze" to "saccade" to
motoneuron sequence.
Fig. 1
X k_. ZK
Approximate model of the eye-movement system in
the horizontal plane. Mass can be ignored because
B6 term predominates and system is headily overdamped.
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